In this paper, utilizing high resolution quantization theory, we analyze the loss in average symbol error probability (SEP) for finite rate feedback MISO systems with rectangular M-QAM constellation. Assuming perfect channel estimation, no-feedback delay and error-less feedback, for spatially i.i.d and correlated channels we derive analytical expressions for loss in average SEP due to finite-rate channel quantization. We then consider the high-SNR regime and show that the loss associated with correlated case is related to the loss associated with the i.i.d case by a scaling constant given by the determinant of the correlation matrix. We also present simulation results in support of the analytical expressions.
INTRODUCTION
In a multiple-input and single-output (MISO) system, if the channel state information (CSI) is available at the transmitter, one can achieve both the diversity and array gains with transmit beamforming, whereas only diversity gain can be realized with space-time coding. In this paper we focus our attention on MISO systems where CSI is conveyed from the receiver to the transmitter through a finiterate feedback link [ 1] - [4] . Optimum codebook design for ergodic capacity loss, a system performance metric, is proposed in [1] . In [3] , the problem is studied from a source coding perspective by formulating the finite-rate quantized MISO system as a general vector quantization problem. By utilizing the high-resolution distortion analysis of the generalized vector quantizer, tight lower bounds of the ergodic capacity loss of a quantized MISO system over i.i.d and correlated fading channels with both optimal and mismatched channel quantizers were obtained [3] .
Average SEP, another important system performance metric, for limited set of constellations has been studied with i.i.d fading channels based on approximating the statistical distribution of the key random variable that characterizes the system performance. Specifically both [1] and [2] characterized the absolute amplitude square of the inner product between the channel direction and its quantized version as a truncated beta distribution and used it to study effect of quantization on average SEP. Similar to the capacity analysis, SEP analysis for correlated channels using such statistical methods have not met with much success. In this paper we make use of the source coding based framework developed in [3] to study the average SEP loss in correlated Rayleigh fading channels with rectangular M-QAM constellation. The application of the theory in [3] to this problem is quite involved because of the complicated dependency of the objective function on the random variables involved and the results derived here serve to validate the general nature of the theory [3] . In addition, the results provide interesting insight into the more general and useful scenario of correlated channels with a more E-mail:yoga@ucsd.edu, juzheng@ucsd.edu, brao@ ece.ucsd.edu. This practical and relevant measure. The rest of this paper is organized as follows. In Section 2, we introduce our system model. In section 3 we present the high resolution analysis. The average SEP loss expressions are derived in Section 4. Numerical and simulation results are presented in Section 5. We conclude this paper in Section 6.
2. SYSTEM MODEL We consider a MISO system with t antennas at the base station (BS) and one antenna at the mobile station (MS). The channel between the BS and the MS is modeled as a frequency-flat, slowly varying Rayleigh fading channel that is assumed to be constant over a block of symbols. Dropping time index, for the sake of simplicity, h C Ct 1 is the correlated 1 MISO channel response with distribution given by h -AlC (0, Eh). Let us denote by w C Ct X 1, the unit norm beamforming vector at the BS. Then, the received signal at the MS is given by y = WHhsm + n, where H is the Hermitian operator and n is a zero-mean circularly symmetric complex Gaussian random variable with E[ [n 12] = 1. The transmitted two dimensional modulation symbol is denoted by sm, which belongs to the rectangular M-QAM constellation with E[ sm 2] = p. The CSI is assumed to be perfectly known at the receiver but only partially available at the transmitter through a finite-rate feedback link of B bits per channel update. Specifically, a codebook C = {xi, , VN }, composed of transmit beamforming vectors, is assumed to be known to both the receiver and the transmitter, here N = 2B. Based on the channel realization h, the receiver selects the best code point v from the codebook and sends the corresponding index back to the transmitter. Assuming no errors and no delay in the feedback link, at the transmitter, the unit-norm vector v is employed as the beamforming vector, i.e. w = v. the received signal can now be written as y = (h,;v) Sm + n = Y * (v,;v) * sm + n, where v = h/IIhII, ae = llhl 2and (x, y) xHy.
HIGH RESOLUTION THEORY
In this section we briefly summarize the asymptotic distortion analysis of the generalized vector quantizer results in [3] (2) where Iopt (v) is the average optimal inertial profile defined as
The normalized inertial profile of an optimal quantizer is defined as the minimum inertia of all admissible Voronoi regions. The inertial profile of any Voronoi shape, including the optimal inertial profile, lopt (v; a), can be tightly lower bounded by that of an M-shaped (4) where represents determinant and Ki. is the volume of an ndimensional unit sphere. The above results are derived assuming the quantization parameter v is unconstrained. But this is not generally the case. For instance the beamforming vector has a norm constraint IIvII = 1, and a phase constraint ¢(v,^v) = 0. We denote the constrained space as g(v) = 0. For the constrained source, the asymptotic distortion bounds presented above are still valid with the following modification. First, the degrees of freedom in v reduce from kq to kl = kq -kc, with kc equal to the number of constraints. Here kc = 2, which leads to kl = 2t -2. Next, the sensitivity matrix is replaced by its constrained version Wc, a (v) given by Wc, a (v) = VT W, (v) V2 (5) where V2 C Rkq X kq is an orthonormal matrix with its columns constituting an orthonormal basis for the null space AJ( 0< g(v)). Subsequently lopt (v; ae) now becomes a lower bound on the constrained optimal inertial profile Icopt (v; o). Lastly, the multi-dimensional integrations used in evaluating the average distortions are over the constrained space g(v) = 0.
AVERAGE SEP LOSS ANALYSIS
In this section we derive DQ (V, V^; ce), the non-mean-squared distortion function for the average SEP loss of rectangular M-QAM constellation, design the optimum codebook matched to the distortion function and derive the expressions for the loss in average SEP under spatially i.i.d and spatially correlated channel conditions. In the last subsection, we consider the high-SNR regime for insight into the effect of quantization on a correlated channel 4.1. Distortion Function -Average SER of M-QAM In this subsection, we derive the appropriate non-mean-squared dis- The average SEP design criterion, the two conditions of Lloyd algorithm, the nearest neighbor-hood condition and centroid condition, are iterated until convergence. More details on the algorithm design can be found in [1] . It should be noted that similar to the case of capacity loss, because of the form of the SEP loss function, the codebook designed for spatially i.i.d capacity loss function is also optimum for the i.i.d case of SEP distortion analysis. A drawback with the new codebook is that the codebook has to be designed for each operating SNR, constellation and the correlation matrix. In the next subsections we quantify the loss due to quantization under i.i.d and correlated scenarios, under the assumption that the appropriate optimum codebook is used.
Distortion Analysis for spatially i.i.d Channels
We make use of the asymptotic distortion bounds presented in section 3.1 and show the steps required in arriving at the loss in average SEP for the M-QAM constellation. The relevant distortion function, (9), was derived in the previous section. Due to space limitations, we only outline the steps and present the final results.
The lower bound on asymptotic distortion given by (2), requires the computation of constrained sensitivity matrix (5), lower bound on constrained normalized inertial profile of an optimal quantizer (4) and the weighted constrained inertial profile (3). After some simplification the constrained sensitivity matrix for the distortion function of SEP loss can be shown to be given by (10). For spatially i.i.d and correlated channels, the optimal inertial profile is obtained by substituting (10), the constrained sensitivity matrix, into the hyperellipsoidal approximation given by (4 
Using (16) and (11) 
By substituting the conditional pdf PaIv (x) given by (21) and the constrained normalized inertial profile (11) into equation (3), the average inertial profile can be obtained. Using (20) and the averaged inertial profile in (2), the average SEP loss of an spatially correlated MISO system is given by (18) DQ-H-SNR-iid, under high-SNR assumption can be simplified into (19) shown in the next page. From (19) it is clear that the diversity order is 't' and increasing the number of feedback bits has an exponential impact on the system distortion function, notice that this fact is true even without the high-SNR assumption. 
NUMERICAL AND SIMULATION RESULTS
A sample simulation is shown in Fig. 1 
